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Sulpiridea b s t r a c t
The effects of dopamine receptor blockade by sulpiride (D2-class antagonist) and sulpiride plus SCH
23390 (D1-class antagonist) on the V – log I function of the ERG b- and d-waves were investigated in dark
adapted frog eyes. We observed that sulpiride enhanced the amplitude of the suprathreshold b- and
d-waves in the lower intensity range, where the responses were mediated by rods, but diminished it
in the higher intensity range, where the responses were mediated by cones. A similar effect on the
b-, but not d-wave amplitude was seen during the perfusion with sulpiride plus SCH 23390. The d-wave
amplitude was enhanced over the whole intensity range with the exception of the highest intensities
during the combined D1 and D2 receptor blockade. The results obtained indicate that the endogenous
dopamine has an overall inhibitory action on the suprathreshold rod-mediated ON and OFF responses,
while its action on the cone-mediated responses shows clear ON–OFF asymmetry. It is excitatory upon
the ON responses, but inhibitory upon the OFF responses except for those in the highest intensity range.
Participation of different types of dopamine receptors (predominantly D2 for the ON versus D1 for the OFF
response) is probably responsible for this difference.
 2013 Published by Elsevier Ltd.1. Introduction
Dopamine is the major catecholamine expressed in the verte-
brate retina. In most species, it is released by a set of dopaminergic
amacrine/interplexiform neurons (for review: Witkovsky, 2004).
Dopamine actions are mediated by ﬁve G protein-coupled recep-
tors named D1 to D5. These receptors are grouped into two classes:
(1) the D1-class receptors (D1 and D5), which are generally coupled
to Gas/olf and stimulate the production of cAMP and the activity of
PKA and (2) the D2-class receptors (D2, D3 and D4), which are
coupled to Gai/o and negatively regulate the production of cAMP,
resulting in a decrease in PKA activity (for review: Beaulieu &
Gainetdinov, 2011). The activity of all neurons in the retina could
be modulated by dopamine because they all express D1- or
D2-class receptors (for review: Witkovsky, 2004). The role of differ-
ent types of dopamine receptors in global retinal function could be
investigated electrophysiologically by recording electroretinogram
(ERG) and following up its changes under the inﬂuence of selective
dopamine receptor agonists and antagonists. More reliable infor-
mation can be obtained by blocking the endogenous dopaminergic
transmission than by application of exogenous dopamine or its
agonists, because dopamine receptors undergo desensitization as
a result of prolonged exposure to agonists (Ko et al., 2002).ERG consists of many components, but two of them are most
prominent in response to stimuli of long duration: a b-wave (in
response to stimulus onset) and a d-wave (in response to stimulus
offset). These components are usually used for assessment of the
retinal ON and OFF channel activity. There are few data concerning
the effects of selective D2-class receptor antagonists on the ERG
b- and d-waves and the results obtained are contradictory. Some
authors reported that the D2 receptor antagonist sulpiride
decreased the amplitude of the b-wave (rabbit: Huppe-Gourgues
et al., 2005), while other authors noted an increase (cat: Schneider
& Zrenner, 1991; goldﬁsh: Kim & Jung, 2012; tiger salamander: Per-
ry & George, 2007). The enhancement of the b-wave amplitude was
associated with a shift to the left of its V - log I function along the
intensity axis, indicating an increased relative sensitivity of the ON
response (Schneider & Zrenner, 1991). A similar increase of the
b-wave amplitude under the inﬂuence of a D2 receptor antagonist
(eticlopride) was obtained only when it was injected during the
day, but not during the night (quail: Manglapus et al., 1999). On
the other hand, no signiﬁcant change of the b-wave amplitude
was observed in either scotopic or photopic conditions in
D2-receptor knockout mice (Herrmann et al., 2011; Lavoie et al.,
2013). The data concerning the effects of D2 receptor blockade on
the ERG OFF response are very limited. A dampening and prolonga-
tion of the photopic OFF response was seen under the inﬂuence of
sulpiride (goldﬁsh: Mora-Ferrer & Behrend, 2004).
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D2-class receptors in controlling the retinal ON and OFF channel
activity is not fully understood. In this study we investigated the
effects of the D2-class receptor antagonist sulpiride on the inten-
sity-response function of the frog ERG b- and d-waves under dark
adaptation. By using a very wide range of stimulus intensities we
obtained both rod- and cone-dominated responses. The compari-
son of the sulpiride effects on the rod-dominated responses to
those on the cone-dominated ones allowed us to get insight into
the dependence of its action on the type of the photoreceptor
input.
In the present study we investigated also the effects of the
simultaneous blockade of the D1-class receptors by SCH 23390
and D2-class receptors by sulpiride on the intensity-response func-
tion of the ERG b- and d-waves. Combined application of D1 and D2
receptor antagonists is advantageous over the usage of nonselec-
tive dopamine antagonists (for ERG studies: haloperidol: Bodis-
Wollner, Marx, & Ghilardi, 1989; Kupenova & Belcheva, 1981; Miz-
ota & Adachi-Usami, 1993; Naarendorp, Hitchock, & Sieving, 1993;
Nakagawa et al., 1988; Schneider & Zrenner, 1991; ﬂuphenazine:
Holopigian et al., 1994; Schneider & Zrenner, 1991; metoclopra-
mide: Holopigian et al., 1994; Jaffe et al., 1987), because the later
act on other types of receptors in addition to the dopamine recep-
tors (Kroeze et al., 2003; Walkembach et al., 2005). The functional
signiﬁcance of the dopaminergic transmission in the retina could
also be evaluated by studying the effects of destruction of retinal
dopaminergic cells. However, the effects mediated by different
types of dopamine receptors cannot be differentiated in such stud-
ies. In this work we compared the effects of simultaneous blockade
of both receptor classes to the effects of isolated D2- and D1-class
receptor blockade (the later in: Popova & Kupenova, 2011). This al-
lowed us to obtain reliable information about the speciﬁc role
played by each type of dopamine receptors in controlling the reti-
nal ON and OFF channel activity.2. Material and methods
Experiments were carried out on 57 eyecup preparations of frog
(Rana ridibunda), continuously superfused with Ringer solution at a
rate of 1.8–2.0 ml/min and supplied with moistened O2. The frogs
were ﬁrst anesthetized in water containing 500 mg/l Tricaine
methanesulfonate (Sigma–Aldrich Chemie GmbH). They were then
decapitated and pithed. The procedure has been approved by pro-
tocol No. 82/06.06.2012 from the Committee for ethics in scientiﬁc
research of Medical University of Soﬁa, Bulgaria.
The D2-class dopamine receptors were blocked using sulpiride
(Santa Cruz Biotechnology, Inc., Dallas, TX) dissolved in Ringer
solution to a concentration of 40 lM. This concentration was the
lowest one that had a signiﬁcant effect on both the rod- and
cone-dominated ERG ON and OFF responses. The two classes of
dopamine receptors (D2 and D1) were simultaneously blocked by
using a combination of 40 lM sulpiride plus 10 lM SCH 23390
(Sigma–Aldrich Chemie GmbH). The same concentration of SCH
23390 was used in our previous study for isolated D1-class recep-
tor blockade (Popova & Kupenova, 2011).2.1. Light stimulation
Diffuse white light stimuli (150 W tungsten halogen lamp) with
5 s duration were presented repeatedly at interstimulus interval
of 25 s. The test stimulus intensity (It) was changed in an ascending
manner over a range of 11 log units by means of neutral density
ﬁlters. The maximal intensity (denoted by 0) was 6  108 -
quanta s1 lm2 at the plane of the retina. The test stimuli were
presented in the dark. The very wide intensity range of the teststimuli allowed us to obtain rod-dominated responses by using
lower It (It < 7) as well as cone-dominated responses by using
higher It (It > 6). The type of the photoreceptor input was proved
by testing the ERG response spectral sensitivity (as shown in our
previous work, Popova & Kupenova, 2011). A clear Purkinje shift
(from 500 nm to 568 nm) was demonstrated when the low inten-
sity stimuli were substituted by high intensity ones (Fig. 1 in the
above cited paper). The shift occurred at It 4 log units above
the scotopic threshold. The spectral sensitivity function obtained
with higher intensity stimuli in dark adapted eyes was similar to
that obtained in light adapted eyes under rod-saturating back-
ground illumination (Popova & Kupenova, 2011). This was another
indication that cones dominated the responses to higher intensity
stimuli in dark adapted eyes.3. Experimental procedure
After a 24 h dark-adaptation period, frog eyecups were pre-
pared under dim red light, according to an established protocol
(Popova & Kupenova, 2009). Left and right eyes were used at ran-
dom for eyecup preparation. The test light stimulation started after
a 30 min period of readaptation to the dark.
Two main groups of experiments were performed. In the ﬁrst
group, a stimulus with constant intensity was used throughout
the experiments in order to test the dynamics of the sulpiride
effects. In the second group, stimuli with increasing intensity were
applied in order to obtain V – log I function. In the ﬁrst group of
experiments, the effects of 40 lM sulpiride (Ringer solution in
the controls resp.) were followed for a period of 25 min in
conditions of dark adaptation. The test stimulus intensity used (It
4.0) was chosen among the other It tested (7.0, 6.0, 5.0),
because it had a marked effect on both the b- and d-wave
amplitude.
In the second group of experiments, the experimental protocol
was as follows: The eyecups were dark adapted for 30 min and
then V – log I function of the ERG waves was obtained using stimuli
with increasing intensity (ﬁrst series). After a new 30 min dark
adaptation period, a second V – log I function was obtained (second
series). In the control experiments both series were obtained during
perfusion with Ringer solution. In the test experiments, the ﬁrst
V – log I function was obtained during Ringer solution perfusion
and the second one – during perfusion with 40 lM sulpiride alone
or in combination with 10 lM SCH 23390. The effects observed
were compared to the effects of 10 lM SCH 23390 alone obtained
in Popova and Kupenova (2011). The second series of test stimula-
tion started 13 min after the perfusion was switched from Ringer
solution to the solution containing the blocker(s), when the effects
of the blockers were fully developed and stable.3.1. ERG recording and data analysis
The electroretinograms were recorded by means of non-polar-
ized Ag/AgCl electrodes at bandpass of 0.1–1000 Hz. The amplitude
of the ERG waves was measured from peak to peak. For estimation
of the relative amplitude change at each It, the values obtained in
the second intensity series were normalized to the values obtained
in the ﬁrst series (%). This was done for both the control and test
experiments. The peak amplitudes of the responses to stimuli of
different It were used for V – log I function evaluation The absolute
sensitivity of the ERG responses was assessed by their thresholds,
estimated using 5 lV criterion response amplitude. For description
of the b-wave V – log I function, a generalized form of the
Naka-Rushton equation was used: V = Vmax In/(I
n
r þ In), where V,
amplitude of the ERG waves; Vmax, its maximum; I, stimulus inten-
sity above the background; Ir, stimulus intensity required to
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steepness of the V – log I function (n = 1 in the original Naka-Rush-
ton equation; Naka & Rushton, 1966). For estimation of the three
parameters: Vmax, Ir, and n, custom made software was used. The
FUMILI Minimization Package was used to minimize v2 function.
The value of Ir was used as an index of the response relative sen-
sitivity. The dynamic range of the responses was estimated as the
intensity span of the responses with 5–95% Vmax amplitude.
The d-wave V – log I function is not a saturating one but shows a
decline in the high intensity range. Although the increasing part of
the function can be ﬁtted to a Naka-Rushton-type function, this is
not possible for the entire dynamic intensity range (for details see
Popova et al., 1995). That’s why, the d-wave V – log I function was
estimated by smoothing the experimental data using inductive
algorithm for smooth approximation of functions, based on the
Tikhonov regularization method and the principle of heuristic
self-organization (Kupenova, 2011). The ﬁtting curves passed with-
in the noise limits of the data. The threshold intensity, Vmax and It,
producing 0.5 Vmax (Ir), were evaluated from the approximating
curves. The complex character of the d-wave V – log I function
did not allow us to determine its dynamic range.
For statistical evaluation of the data, the Student’s t-test, Two-
Way ANOVA and Two-Way Repeated Measures ANOVA with Tukey
and Bonferroni tests were used (OriginPro 8 software, OriginLab
Corporation, Northhampton, MA).4. Results
4.1. Dynamics of the sulpiride effects
The ﬁrst group of experiments was carried out in order to eval-
uate the time course of the blocker effects. Switching the perfusionFig. 1. Time-course of the sulpiride effects on the amplitude of the b-wave (a) and d
experiments (open symbols; n = 5) and test experiments (ﬁlled symbols; n = 8) are repre
prior to blocker application. The time when the perfusion was switched to sulpiride, is in
group of experiments, is indicated by a grey rectangular above the curves. Mean value
perfusion with Ringer solution in the control period (top traces), sulpiride (middle tracefrom Ringer solution to 40 lM sulpiride caused a marked decrease
of the b- and d-wave amplitude, which reached a plateau at the
13th minute from the beginning of the blocker application (Fig. 1
a, b). During that period (from 23th to 35th minute of the experi-
ment) the amplitudes of the b- and d-wave were signiﬁcantly
smaller (Two-Way ANOVA, p < 1.4  1015) than those obtained
in the control experiments. No signiﬁcant interaction between
the blocker effect and time was found during that period (Two-
Way ANOVA, p > 0.05). This allowed us to obtain V – log I function
during constant sulpiride effect in the second group of experi-
ments. The b- and d-wave amplitudes recovered to some degree
during reperfusion with Ringer solution (Fig. 1 c).4.2. Effects of sulpiride on the intensity-response function
In the control experiments of this group, the V – log I function of
the b- and d-waves showed no signiﬁcant differences between the
ﬁrst and second intensity series in one and the same eyecup
(Fig. 2a and b). The absolute sensitivity of the responses (deter-
mined by their thresholds) as well as their relative sensitivity
(determined by Ir value) were practically identical in both inten-
sity series. The same was true for the dynamic range of the b-wave
and the time course of the responses. This allowed us to evaluate
the effect of dopamine antagonists on these parameters using the
ﬁrst series of the test experiments as a control one.
The perfusion with 40 lM sulpiride in the test experiments had
opposite effects on the amplitude of the ERG waves in the lower
(It < 7) and higher (It > 6) intensity range (Fig. 2c and d). It
caused a signiﬁcant enhancement of the suprathreshold b- and
d-wave amplitude in the lower (rod-dominated) intensity range
(Two-Way Repeated Measures ANOVA, p < 0.00225 for the b-wave
and p < 0.0004 for the d-wave). The absolute sensitivity of both the-wave (b), obtained with It = 4.0 in dark adapted eyes. Results of both control
sented. The amplitudes of the ERG waves are normalized to the values obtained just
dicated by an arrow. The period when the V – log I function was tested in the second
s ±SEM are shown. (c) Original ERG records (b- and d-waves), obtained during the
s) and Ringer solution in the recovery period (bottom traces).
Fig. 2. Effects of sulpiride on the V – log I function of the ERG b- and d-waves. Results of both control experiments (a and b; n = 18) and test experiments (c and d; n = 11) are
represented. The amplitudes of the ERG waves are normalized to Vmax of the responses obtained during the ﬁrst stimulus series of the experiments. Mean values ± SEM are
shown. The symbols representing the responses obtained during the ﬁrst and second intensity series are denoted in the legends.
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(11.26 ± 0.08 for the b-wave and 10.56 ± 0.12 for the d-wave)
remained practically the same during the perfusion with sulpiride
(11.24 ± 0.10 for the b-wave and 10.53 ± 0.18 for the d-wave).
The enhancing effect of the blocker started at stimulus intensities,
which were 1 log unit above the b-wave threshold and 0.5 log
units above the d-wave threshold. In the 3 log unit intensity
range between It-10 and -7, the relative amplitude changes of both
the b- and d-wave were signiﬁcantly greater than those obtained
in the control experiments (Two-Way ANOVA, p < 0.004 for the
b-wave and p < 0.00005 for the d-wave) (Fig. 3a and b). The relative
increase of the rod-mediated d-wave amplitude was greater than
that of the rod-mediated b-wave. This resulted in a signiﬁcantly
lowered b/d amplitude ratio in the rod-dominated part of the
V- log I curve (Two-Way Repeated Measures ANOVA, p < 0.027).
The D2-class receptor blockade did not change signiﬁcantly the
time course of the rod-dominated responses. Neither the latency
nor the implicit time of the b- and d-wave was changed during
the perfusion with sulpiride (Fig. 3c, upper traces).
Sulpiride caused signiﬁcant diminution of the amplitude of both
the b- and d-waves in the higher (cone-dominated) intensity range
(Two-Way Repeated Measures ANOVA, p < 0.0325 for the b-wave
and p < 0.0027 for the d-wave). The relative decrease of the
b- and d-wave amplitude was practically the same at all higher
(It > 6) stimulus intensities (Fig. 3a and b). The b-wave amplitude
decreased to a greater extent than that of the d-wave, which
reﬂected in the signiﬁcantly lower values of the b/d amplitude ra-
tio (Tukey’s and Bonferroni tests, p < 0.00248). The time course of
the cone-dominated b-wave was not signiﬁcantly altered after
the D2-class receptor blockade (Fig. 3c, lower traces). On the otherhand, sulpiride caused signiﬁcant lengthening of the d-wave impli-
cit time (at It = 3.5 from 160 ± 11.17 to 222 ± 14.72 ms, p < 0.008)
without altering its latency (Fig 3c, lower traces).
The perfusion with sulpiride increased the relative sensitivity of
the ERG ON and OFF responses. The Ir value was decreased by
0.57 ± 0.11 log units for the b-wave (paired t-test, p < 0.0004) and
by 0.25 ± 0.08 log units for the d-wave (paired t-test, p < 0.01).
The D2 blocker did not change signiﬁcantly the steepness and the
dynamic range of the b-wave V- log I curve (the value of the expo-
nent n was not signiﬁcantly altered).
4.3. Effects of combination of sulpiride and SCH 23390 on the
intensity-response function
The effects of the perfusion with combination of 40 lM sulpir-
ide and 10 lM SCH 23390 on the rod-mediated V – log I function of
the ERG waves were in many aspects similar to those obtained
using sulpiride alone (Fig. 4a and b). A difference was seen for
the b-wave at the lowest stimulus intensities (It from 11 to
10), where a signiﬁcant diminution of its amplitude was obtained
(Two-Way Repeated Measures ANOVA, p < 0.046) (Fig. 4a). The
b-wave threshold was signiﬁcantly increased (from 11.19 ± 0.08
to 10.93 ± 0.10; paired t-test p < 0.002), which indicated that
the absolute sensitivity of the ERG ON response was decreased
during the perfusion with the blockers. On the other hand, the
d-wave threshold was slightly (insigniﬁcantly) diminished (from
10.66 ± 0.20 to 10.76 ± 0.15). Thus, the initial difference
between the threshold values of the rod-mediated ON and OFF
response, observed in control conditions (0.54 ± 0.15 log units),
was signiﬁcantly lowered during the D1 plus D2 receptor blockade
Fig. 3. (a) and (b) Relative change of the ERG b-wave (a) and d-wave (b) amplitude in the control experiments (open symbols) and sulpiride experiments (ﬁlled symbols). The
amplitudes of the ERG waves obtained at each It during the second stimulus intensity series were normalized to the ERG amplitudes obtained during the ﬁrst series. (c):
Original ERG records, obtained with different stimulus intensities during the control period (grey lines) and during the treatment with sulpiride (black lines). The numbers on
the left side indicate stimulus intensity.
Fig. 4. (a) and (b) Effects of sulpiride + SCH 23390 on the V – log I function of the ERG b- and d-wave. The amplitudes of the ERG waves are normalized to Vmax of the responses
in the ﬁrst stimulus series of the experiments. Mean values ± SEM are shown (n = 15). Symbols representing the responses obtained during the ﬁrst (R) and second (S + S)
intensity series, are denoted in the legends. (c) Original ERG records, obtained with different stimulus intensities during the control period (grey lines) and during the
treatment with sulpiride + SCH 23390 (black lines). The numbers on the left side indicate stimulus intensity.
26 E. Popova, P. Kupenova / Vision Research 88 (2013) 22–29(0.17 ± 0.11 log units, paired t-test p < 0.02). The increase of the b-
wave amplitude in the remainder part of the rod-mediated V – log I
function (It from 9.5 to 7) was similar to that obtained duringthe perfusion with sulpiride alone (Fig. 5a). The relative increase
of the rod-mediated d-wave amplitude was greater than that of
the b-wave, which led to signiﬁcantly lower values of the b/d
Fig. 5. Effects of sulpiride, SCH 23390 and sulpiride + SCH 23390 on the V – log I function of the ERG b-wave (a) and d-wave (b). The amplitudes of the ERG waves are
normalized to Vmax of the responses in the second stimulus series of control experiments. Mean values ± SEM are shown. Symbols representing the responses obtained during
the perfusion with sulpiride (sulp), SCH 23390 (SCH), sulpiride + SCH 23390 (S + S) and Ringer solution in the control experiments (R) are denoted in the legends. Experiments
with SCH 23390 alone are taken from Popova and Kupenova (2011).
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of the combined action of sulpiride and SCH 23390 on the time
course of the rod-dominated responses differed from the effect of
sulpiride alone. The latency of the b-wave was signiﬁcantly in-
creased (at It 9 from 280 ± 9.35 to 311 ± 9.68 ms; paired t-test,
p < 0.004), as well as it’s implicit time (at It 9 from 639 ± 15.98
to 720 ± 28.18 ms; p < 0.001) (Fig. 4c). A similar effect on the
b-wave implicit time was seen during the perfusion with 10 lM
SCH 23390 alone (Popova & Kupenova, 2011). The implicit time
of the d-wave remained unchanged, while its latency was signiﬁ-
cantly decreased (at It 9 from 450 ± 43.77 to 377 ± 29.77,
p < 0.01).
The effects of the D1 plus D2 receptor blockade on the cone-dom-
inated V – log I function showed clear ON–OFF asymmetry (Fig. 4a
and b). The blockers caused a signiﬁcant diminution of the b-wave
amplitude at higher (It > 6) stimulus intensities (Two-Way
Repeated Measures ANOVA, p < 0.00045), which was similar to that
obtained during the perfusion with sulpiride alone (Fig. 5a). On the
other hand, a signiﬁcant enhancement of the cone-mediated
d-wave amplitude was seen (Two-Way Repeated Measures
ANOVA, p < 0.00015) except for the responses obtained with the
highest stimulus intensities (It > 3.5). The increase of the d-wave
amplitude in the lower part of the cone-mediated V – log I function
was similar to that obtained in our previous study during the per-
fusion with 10 lM SCH 23390 alone (Fig. 5b), while at higher stim-
ulus intensities (It from 4.5 to 3.5) it was smaller. A small
(insigniﬁcant) diminution of the d-wave amplitude was observed
at the highest stimulus intensities (It 3 and 2.5). An interesting
ﬁnding was that at these Its the d-wave amplitude values were
almost in the middle between those of SCH 23390 and sulpiride
groups (Fig. 5b). This means that the opposite effects of dopamine,
mediated by the two types of dopamine receptors, canceled each
other. As a consequence of the described effects upon the cone-
mediated ON and OFF responses, the b/d amplitude ratio was sig-
niﬁcantly decreased (Two-Way Repeated Measures ANOVA,
p < 0.00002). The combined application of sulpiride and SCH
23390 slowed the time course of the cone-mediated b- and
d-waves (Fig. 4c lower traces). Their implicit time was signiﬁcantly
increased (at It = 3.5, for the b-wave from 250 ± 4.49 to 267 ±
7.63 ms, p < 0.04; for the d-wave from 186 ± 6.56 to 226 ±
16.33 ms, p < 0.02), while their latency remained unchanged.
The combined D1 and D2 receptor blockade increased the rela-
tive sensitivity of the ERG ON and OFF response. The Ir value of
the b-wave decreased by 0.77 ± 0.06 log units (paired t-test,
p < 0.00006) and that of the d-wave by 0.46 ± 0.01 log units (pairedt-test, p < 0.00007). The D1 plus D2 receptor blockade signiﬁcantly
increased the steepness of the b-wave V – log I curve (the value of
the exponent n increased from 0.39 ± 0.09 to 0.46 ± 0.02;
p < 0.009). As a result, the dynamic range of the b-wave was signif-
icantly narrowed (from 6.62 ± 0.15 log units to 5.81 ± 0.26 log
units, p < 0.004). The later effect was demonstrated by the higher
threshold value, on the one hand, and the response saturation at
lower stimulus intensities, on the other hand. Similar effects were
seen during the isolated D1 receptor blockade in dark adapted eyes
(Popova & Kupenova, 2011).
5. Discussion
5.1. Effects of the D2 receptor blockade
Our results demonstrate that the D2 receptor-mediated action
of endogenous dopamine on the mechanisms, responsible for gen-
eration of the ERG b- and d-waves, depends critically on the type of
the photoreceptor input. It inhibits the rod-mediated suprathresh-
old responses, but enhances the cone-mediated ones without alter-
ing the absolute sensitivity of the responses. Our data are in
agreement with the results of Schneider and Zrenner (1991), who
reported an enhancement of the scotopic b-wave amplitude and
increased relative sensitivity of the response under the inﬂuence
of sulpiride in cat retina. No signiﬁcant changes in latency and
implicit time of the rod-mediated responses were seen in their
and our present study, indicating that the time characteristics of
these responses do not depend critically on the D2-receptor mech-
anisms. The effect of sulpiride on the cone-mediated b-wave
amplitude obtained by us is opposite to that reported by other
authors for the photopic b-wave (goldﬁsh: Kim & Jung, 2012; tiger
salamander: Perry & George, 2007). Our results concerning the
cone-mediated d-wave are, however, consistent with the observed
dampening and prolongation of the photopic OFF response under
the inﬂuence of sulpiride in goldﬁsh retina (Mora-Ferrer & Beh-
rend, 2004).
It is generally assumed that the ERG b- and d-waves depend
mainly on the activity of the ON and OFF bipolar cells, respectively,
with a minor direct contribution of proximal retinal activity. Our
results are in agreement with the results obtained in amphibian
retina showing that dopamine, acting through D2 receptors,
increases the ratio of the amplitudes of the cone-driven to rod-dri-
ven components of the bipolar cell responses (tiger salamander:
Hare & Owen, 1995). An inhibitory action of dopamine on the
rod ON bipolar cells, concomitant with a decrease in the amplitude
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Falk, 1985). It is well established that, unlike the bipolar cells in
mammals, the ON and OFF bipolar cells in the amphibian retina re-
ceive direct input from both rods and cones (Dowling, 1987). Thus,
the rod and cone pathways through the retina are presumed to be
similar in the non-mammalian species. There are no available data
concerning the effects of selective D2-class receptor antagonists on
the rod- and cone-driven responses of bipolar cells. It has been
shown, however, that the D2 receptor antagonist spiperone
enhances the rod input and depresses the cone input to horizontal
cells in frog retina (Witkovsky, Stone, & Besharse, 1988). Similar
effect on the ERG b- and d-wave amplitude was seen in the present
study under the inﬂuence of sulpiride. We may speculate that the
D2 dependent action of dopamine on the second order retinal neu-
rons – the horizontal and bipolar cells, does not differ qualitatively
in frog retina. The D2-class receptors are expressed by photorecep-
tors and dopaminergic neurons in most of the species studied (for
review: Witkovsky, 2004). In amphibian retina, they are expressed
by rods, cones, Muller cells and a subset of amacrine/interplexi-
form cells (Xenopus laevis and Ambystoma tigrinum: Muresan &
Besharse, 1993). Although there are no available data concerning
the type and distribution of the dopamine receptors in Rana ridib-
unda, we suppose that they do not show signiﬁcant differences
from the other amphibian species. Thus, it is reasonable to suggest
that endogenous dopamine, released by dopaminergic amacrine/
interplexiform cells in frog retina, may act on all D2 receptors
expressed in amphibian retina to modulate ERG responses. The ex-
act origin of the D2 mechanism and its retinal circuit are not yet
determined in amphibian retina.
5.2. Effects of the combined D1 and D2 receptor blockade
In this study we reported that simultaneous blockade of D1- and
D2-class dopamine receptors enhanced the amplitude of the supra-
threshold rod-mediated ON and OFF responses. Similar results for
the scotopic b-wave were obtained in dopamine depleted cat eyes
(Naarendorp, Hitchock, & Sieving, 1993; Skrandies & Wässle,
1988), while its amplitude remained unaltered in dopamine de-
pleted ﬁsh retina (Li & Dowling, 2000; Lin & Yazulla, 1994). Our
present results indicate that the endogenous dopamine has an
overall inhibitory action on the rod-dominated suprathreshold
ERG ON and OFF responses in frog retina. This action may be med-
iated by both types of dopamine receptors, because D1 as well as
D2 receptors mediate suppressive dopamine effect on the rod-
dominated responses. The dopamine inhibition is stronger upon
the amplitude of the rod-mediated OFF as compared to ON
response. Similar effects on the ERG ON and OFF responses were
obtained in our previous study, where the effects of glycinergic
and GABAergic blockade on the ERG waves were investigated in
dark adapted frog eyes (Popova, 2000). It seems reasonable to ar-
gue that a common function of these neurotransmitters (glycine,
GABA and dopamine) is to suppress the scotopic suprathreshold
OFF response to a greater degree than the ON response. This may
contribute to the well known greater b/d amplitude ratio in the
dark-adapted ERG as well as to the reported diminution or disap-
pearance of the d-wave in the course of dark adaptation (Ren &
Li, 2004). The suppressing effect on the rod-mediated d-wave
amplitude is accompanied with lengthening of the d-wave latency,
while that on the b-wave amplitude – with shortening of its la-
tency and implicit time. The effect of dopamine on the absolute
sensitivity of the rod-mediated ON and OFF responses differs from
that of glycine and GABA. Dopamine enhances the absolute sensi-
tivity of the scotopic ON response and does not inﬂuence that of
the scotopic OFF response. The other inhibitory neurotransmitters
(glycine, GABA) do not inﬂuence signiﬁcantly the absolute sensitiv-
ity of the b-wave and diminish that of the d-wave (Popova, 2000).Acting in this manner, all these neurotransmitters (dopamine,
GABA, glycine) contribute to the lower absolute sensitivity of the
scotopic OFF as compared to ON response in the dark adapted frog
ERG (Granit, 1962). Our results differ from the data of other
authors showing that depletion of retinal dopamine has no effect
on the threshold dark adapted ERG (ﬁsh: Li & Dowling, 2000; Lin
& Yazulla, 1994; cat: Naarendorp, Hitchock, & Sieving, 1993). Li
and Dowling (2000) obtained, however, that the behaviorally mea-
sured visual sensitivity was decreased after dopamine depletion,
which is consistent with the diminished absolute sensitivity of
the b-wave, observed by us.
In this study, we demonstrated that the combined D1- and
D2-class receptor blockade diminished the amplitude of the cone-
mediated ON-responses, but enhanced the amplitude of the
cone-mediated OFF responses (except for those obtained with
the highest stimulus intensities). Similar results for the b-wave
were reported in dopamine depleted frog retina (Citron et al.,
1985), while in other species, the destruction of the dopaminergic
retinal neurons had no effect (goldﬁsh: Lin & Yazulla, 1994; Yazulla,
Lin, & Studholme, 1996) or increased (cat: Skrandies & Wässle,
1988) the amplitude of the cone-mediated b-wave. Our present
results indicate that the endogenous dopamine has an overall
excitatory action on the cone-dominated ERG ON response and
an overall inhibitory action on the cone-mediated OFF response
in frog retina. The excitatory action on the b-wave is mediated
mainly through D2 receptors, while the suppressive effect upon
the d-wave is mediated mostly by D1 receptors. The later effect
is, however, counteracted by the dopamine excitatory action med-
iated through D2 receptors. The relative strength of these opposite
effects on the d-wave amplitude depends on the stimulus inten-
sity. At lower and middle intensities, the D1 effect predominates,
while at the highest intensities, the two effects are balanced, which
leads to unaltered d-wave amplitude. A clear ON–OFF asymmetry
of the receptors involved in the dopamine action upon the cone-
mediated ERG responses is demonstrated.
Our results indicate that endogenous dopamine diminishes the
relative sensitivity of the ERG ON and OFF responses and widens
the intensity range, where the b-wave amplitude is a linear func-
tion of log It. This may be the contribution of this neurotransmitter
to the retinal sensitivity control in frog retina similar to the action
of glycine, but not GABA (Popova, 2000). The effect on the relative
sensitivity is probably mediated by both types of dopamine recep-
tors, while only D1 receptors seem to mediate the dopamine action
on the dynamic range of the b-wave.6. Conclusions
The results of our study indicate that the action of endogenous
dopamine, mediated through D2-class receptors, depends critically
on the type of the photoreceptor input. It is inhibitory on the
rod-mediated suprathreshold ERG ON and OFF responses, but
excitatory on the cone-mediated responses. When acting on both
D1- and D2-class receptors, dopamine has a similar action on the
rod-mediated ON and OFF responses. However, its action on the
cone-mediated responses shows clear ON-OFF asymmetry. It is
excitatory upon the ON responses and inhibitory upon the OFF
responses (except for those in the highest intensity range). Partic-
ipation of different types of dopamine receptors (predominantly D2
for the ON versus D1 for the OFF responses) is probably responsible
for this difference.
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